Background and Aims: Antiviral therapy for patients with hepatitis B (HBV) infection is generally deferred for "immune inactive" patients, although longitudinal changes in viral load and liver fibrosis remain understudied in this population. Likewise, in treated patients, the temporal relationship between changes in viral load and liver fibrosis is not well characterized. Using data from the chronic hepatitis cohort study, the study investigated viral load and the Fibrosis-4 index (FIB4, a serum-based marker of liver fibrosis) trajectories in both untreated and treated HBV patients. Materials and Methods: We applied a bivariate, piecewise, linear spline, mixed-effects modeling approach to data from 766 HBV patients (342 untreated, 424 treated). Treatment selection bias was adjusted using propensity scores. Multiple sensitivity analyses were used to confirm results in untreated patients. Results: Among all untreated patients, FIB4 began to increase by 0.9% per month (11% per year; P < 0.05) at 28 months post-index date, suggesting fibrosis progression. Significant FIB4 progression was also observed in a subgroup analysis of "immune inactive" untreated patients. In treated patients, viral load declined 31.8% per month (P < 0.05) for the first 5 months after treatment initiation, and 1.4-1.7% per month (P < 0.05) thereafter. At 5 months after treatment initiation, FIB4 began to decline 0.5% per month (P < 0.05), stabilizing at 28 months. Conclusion: Among untreated HBV patients, FIB4 gradually increases over time, suggesting fibrosis progression, even in those patients designated as immune inactive. In treated patients, antiviral therapy results in a rapid decline in viral load followed by a delayed decline in markers of liver fibrosis.
Introduction
Clinical decision-making regarding initiation of antiviral treatment for chronic hepatitis B virus (HBV) requires evaluation of the dynamic relationship between viral replication and the patientˈs immune response. Antiviral therapy is not currently recommended for "immune inactive" patients without cirrhosis. 1 These recommendations are largely based on data from clinical trials; the complexity of defining "immune inactive" and the level of surveillance required means that there are little long-term data regarding untreated HBV patients under routine clinical care.
Findings from several clinical trials have suggested that longterm viral suppression with antiviral therapy improves liver histology and may result in regression of fibrosis, especially in patients with more advanced liver disease 2, 3 ; however, there are no published reports describing the long-term changes in liver fibrosis among patients under routine care, particularly untreated patients. The Chronic Hepatitis Cohort Study (CHeCS) has extensively annotated longitudinal medical record data for a "real world" sample of over 3000 HBV-infected patients, including roughly 2100 untreated patients. 4 Using a bivariate modeling approach, we used CHeCS data to evaluate the longitudinal evolution of viral load in both untreated and treated patients, as well as two surrogate markers of liver fibrosis. The Fibrosis-4 index (FIB4) 5 and the aspartate aminotransferase (AST) to platelet ratio index (APRI) are calculated from routine laboratory assessments; both have been shown to accurately distinguish fibrosis and cirrhosis in HBVinfected patients, 6, 7 including patients in this cohort. 8 We modeled these data over 5 years of follow-up, taking into consideration the relationship between viral load and FIB4.
Methods
Chronic Hepatitis Cohort Study. CHeCS is a retrospective/prospective observational multicenter study that includes patients from four large health systems. CHeCS follows all guidelines of the US Department of Health and Human Services regarding the protection of human subjects; protocols are reviewed annually by the institutional review board at each site -Geisinger Health System (GHS), Danville, PA; Henry Ford Health System (HFHS), Detroit, MI; Kaiser-Permanente Hawaiˈi (KPHI), Waipahu, HI; and Kaiser-Permanente Northwest (KPNW), Portland, OR. Written informed consent was waived because of the de-identified nature of the data. CHeCS study methods have been previously described. 4 Electronic health record (EHR) data were used to identify adult patients who received services at any of the four study sites between January 2006 and December 2013; EHR data were captured through December 31, 2013. Chart abstraction was used to confirm HBV diagnoses, liver biopsy data, and antiviral treatment data (including documentation of any treatment at outside facilities). Patients were considered to have received antiviral HBV therapy if chart review indicated the patient received treatment with any of the following after HBV diagnosis: interferon α-2b; pegylated interferon α-2a or α-2b; lamivudine; entecavir; tenofovir; telbivudine; or adefovir.
"Index date" was defined as the earliest date of HBV viral load measurement after HBV-associated diagnosis (for untreated patients) or the date of first treatment initiation (for treated patients).
Index dates ranged from June 2000 through May 2013. Patients were excluded if they were co-infected with chronic hepatitis C or received a liver transplant prior to their index date.
Outcomes of interest. Available viral load and liver chemistry data were collected for each patient from their index date onward. Indices were calculated using laboratory tests collected within 7 days of one another and patientsˈ age at the time of laboratory assessment. Hepatitis B DNA tests were collected locally at each site and analyzed with serum assays using branched DNA signal amplification assay or real-time polymerase chain reaction, with or without reflex to qualitative polymerase chain reaction. For analytic purposes, "undetectable" HBV-RNA results and HBV-DNA-quantified viral levels of less than 2000 IU/mL were analyzed as equal to 2000 IU/mL, because of varying lower levels of detection/quantification among assays.
FIB4 was calculated using the following formula:
We also performed a sensitivity analysis using the APRI in place of FIB4, calculated as follows:
(ALT, alanine aminotransferase; AST, aspartate aminotransferase; L, liter; U, Units; ULN, upper limit of normal (as defined by the testing laboratory).
Our outcomes of interest were FIB4 and viral load, summarized using a median smoother in monthly intervals, up to 5 years from the index date; APRI was used as an outcome in sensitivity analyses. Because of the observational nature of this study, liver biopsy data were available for fewer than 10% of patients; however, CHeCS has previously shown that FIB4 and APRI can be used to predict advanced fibrosis or cirrhosis in HBV-infected patients with available biopsy assessments (area under the receiver operator characteristic curve [AUROC] = 0.71 for advanced fibrosis, AUROC = 0.88 for cirrhosis). 8 Continuous variables were used to increase statistical power in our analysis; validated FIB4/APRI cut-offs for advanced fibrosis (FIB4 = 1.58) were used for data illustration and interpretation of results. Because of a lack of normality, data were log 10 -transformed for analysis.
Patients with at least one FIB4 interval and one viral load interval post-index date were included in the analysis. For sensitivity analyses, we used APRI and viral load. Given that HBV treatment initiation is often informed by "infection status" (immune tolerant, immune active, immune inactive), we also performed a sub-group analysis that excluded 100 patients who were never immunologically active (no ALT measurements ≥ 2 times the upper limit of normal [ULN, 30 IU/mL for men; 19 IU/mL for women] and no HBV DNA level > 2000 IU/mL) from index date to last observation.
Covariates at index date. Demographic information included age, sex, race/ethnicity, estimated median annual household income, and insurance status at index date. Clinical data captured prior to and at index included comorbid conditions, HIV co-infection, and laboratory testing. All variables were used in the analysis to adjust for possible confounding due to treatment selection bias.
Fibrosis trends in hepatitis B patients
Statistical analysis. To account for confounding due to treatment selection bias, we used a propensity score modeling approach to estimate the inverse probability of treatment weight (IPTW). 9 To build the propensity score model, multiple logistic regression analyses were performed using treatment as the outcome variable, and a large set of demographic variables and clinical risk factors collected at the index date as covariates. We used the strategy proposed by Ali et al. 10 for selection of possible confounders and Robinsˈs approaches [11] [12] [13] for stabilization of IPTW when propensity scores were very small. The balance of covariates at index date between untreated and treated patients was compared before and after weighting; the stabilized IPTW was then adjusted in the subsequent analysis of the treatment impact on progression of FIB4 and viral load.
Evolution of FIB4 and viral load were first estimated separately, using a linear mixed-effects model. Because of a bi-phasic evolution of the two markers in the raw data, we used a piecewise linear spline model, with one slope representing the shortterm response and a second slope representing the long-term response. The time of change of slope (knot position) was determined by the approach proposed by Fitzmaurice et al.
14 Briefly, we started with high knot density and used a variable selection technique to select the best knot positions, guided by the Aiken information criteria. The linear mixed-effect model included the baseline FIB4 or viral load measures, fixed effects for the slopes, and random components for the intercept and slopes to predict the trajectory of FIB4 or viral load for each individual patient, given their treatment status.
Next, hepatitis B viral load and FIB4 trajectories were modeled jointly through the bivariate linear mixed-effects model; because FIB4 and viral load are intrinsically correlated, this type of model is not only necessary for the estimation of the correlation between the two markers but has also been shown to provide better data fit than separate modeling. [15] [16] [17] This joint modeling strategy has been applied to study the longitudinal dynamics of CD4+ T-lymphocyte counts and HIV-RNA plasma concentration. 15, 17, 18 Sensitivity analyses were conducted by the following: 1) using APRI and viral load as the outcomes of interest to determine whether the inclusion of age in the FIB4 formula effected findings; 2) excluding patients who were "persistently immunologically inactive" (no ALT result > 2*ULN or viral load > 2000 IU/mL from index date to last observation), for whom current guidelines do not recommend treatment 1 ; and 3) analyzing only those patients who were "persistently immunologically inactive." Table 1 . Men (59%) and Asian Americans (61%) were overrepresented in the sample. At index date, log10 viral load and log10 FIB4 were lower in untreated than treated patients (P < 0.001). Ninety-seven percent (97%) of those treated received nucleos(t) ide analog therapy (in isolation, or before/after interferon-based therapy); the remaining 3% received only interferon or pegylated interferon-based therapy. Median treatment duration during follow-up was 52 months (interquartile range: 22-81 months).
Following the guidance provided by Ali et al., 10 the following covariates were used in the estimation of propensity scores: sex; race; Charlson-Deyo co-morbidity score; index year; ALT at index date; FIB4 at index date; and viral load at index date, all as predictors. As shown in Table 1 , after propensity score justification, patient and clinical characteristics at index date were balanced between untreated and treated groups.
Evolution of viral load and fibrosis-4. Table 2 presents estimated monthly percent change (MPC) by treatment status; Figure 1 displays the population-expected average trajectories for FIB4 and log 10 viral load for a given baseline value. For both untreated and treated groups, a three-knot model fitted well to both FIB4 and viral load data. This model resulted in three phases of evolution: the first slope represents the first 5 months post-index; the second slope represents 5 to 28 months; and the third slope represents from 28 months onwards. For both untreated and treated groups, the estimated time of slope change (knot) was earlier for viral load (5 months) than FIB4 (28 months). Estimates of the evolution of FIB4 and viral load are presented in Table 2 for both univariate and bivariate models. In the bivariate linear mixed model, the third slope (from 28 months onward) is close to zero for FIB4 in the treated group, but significantly different from zero for FIB4 in the untreated group. Simultaneous bivariate modeling of FIB4 and viral load demonstrated narrower confidence intervals and better goodness-of-fit (in terms of Aiken information criteria) than fitting outcomes separately.
Viral load. In untreated patients (Table 2 and Fig. 1a) , the viral load slope was not significantly different from zero (P = 0.762) for the first 5 months post-index. It then decreased slightly from 5 to 28 months (À3.1% per month; P < 0.001). From 28 months onward, however, the slope was again not significantly different from zero (P = 0.162). However, in treated patients, the bivariate model showed that viral load decreased sharply for the first 5 months after index (À31.8% per month; P < 0.001) then decreased more slowly between 5 and 28 months (À1.7% per month; P = 0.004) and from 28 months onward (À1.4% per month; P = 0.019). The MPC in viral load is significantly different between treated and untreated patients for the first 5 months post-index (P = 0.035).
However, after this point, there is no difference in MPC between the two groups. Figure 1a displays the difference in viral loads between treated and untreated patients. In untreated patients, viral load became significantly higher than that of treated patients at month 4 postindex. In treated patients, viral load continued to drop and remained significantly lower in than in untreated patients through year 5.
Fibrosis-4 Index. In untreated patients, FIB4 did not change significantly from 0 to 28 months, but increased significantly thereafter (0.9% per month; P < .001, Table 2 and Fig. 1b) . FIB4 in untreated patients became significantly different from that of treated patients at roughly month 33 post-index (years 3-5). The MPC of FIB4 in untreated patients is significantly higher than that of treated patients (P < 0.001). A cutoff of 1.58, previously shown to distinguish between non-advanced and advanced fibrosis in this cohort, 16 is presented as a reference; untreated patientsˈ FIB4 passed this cutoff at roughly month 42. Given the estimated MPC, FIB4 will double within 6.5 years in patients who remain untreated-regardless of their initial FIB4 level. In a sub-group analysis that excluded 100 patients who were persistently "immune inactive" (no ALT result > 2*ULN or viral load > 2000 IU/mL from index date to last observation), the patterns of viral load and FIB4 were similar to those of the main analysis (Table 1 and Fig. 2 ). An additional sub-group analysis was then restricted to only "immune inactive" untreated patients; among these patients, FIB4 varied considerably but increased significantly over 5 yearsˈ of follow-up (annual increase = 4.7%, P = 0.002; Fig. S2a) . A further sensitivity analysis using APRI (which does not include patient age) demonstrated consistent findings despite the small sample size (P = 0.07; Fig. S2b) .
In treated patients, there was no significant change in FIB4 for the first 5 months post-index (P = 0.784). This was followed by a significant decline (À0.5% per month; P < 0.001) between 5 and 28 months, which leveled off after 28 months (P = 0.616).
Aspartate Aminotransferase-to-Platelet ratio index (sensitivity analysis). Table S1 presents estimated intercepts and slopes for APRI and viral load by treatment status; Figure S1 displays the population-expected average trajectories for APRI and viral load for a given baseline value. The estimates of intercept and slopes for APRI were similar to those estimates obtained for FIB4. In untreated patients, viral load remains stable at a significantly higher level than in treated patients, while APRI gradually increases over time. These results are consistent with our main analysis.
Discussion
The present study is the first analysis to address longitudinal changes in fibrosis using a "real world" sample of HBV-infected patients under routine clinical care, including a large number of untreated patients. Among all such untreated patients, we found that although viral loads remained roughly stable, FIB4 increased significantly over time-11% per year. Moreover, the findings from two subgroup analyses that separated out patients who were persistently "immune inactive" suggest that fibrosis steadily increases in such untreated patients even in the absence of immunological activity. Sensitivity analyses substituting APRI for the outcome of interest (Fig. S1 ) generated consistent results. Our previous work has demonstrated that increasing FIB4 is associated with greater risk Figure 2 Predicted mean of trajectories of log 10 viral load and fibrosis-4 (FIB4) over time by treatment groups after excluding "never immunologically active" patients (no ALT > 2*upper limit of normal or viral load > 2000 IU/mL from index date to last observation). Shaded area: 95% confidence band.
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Fibrosis trends in hepatitis B patients of HCC, 19 and our current findings underscore the importance of monitoring untreated patients for progression of liver fibrosis. Current international treatment guidelines emphasize both viral load and ALT levels in the assessment of need for therapy. [20] [21] [22] However, Tong et al. 23 noted that 40-80% of HBV patients who developed HCC or died of liver-related conditions did not meet criteria for antiviral treatment; these authors suggested that additional parameters besides viral level and ALT should be considered.
In treated patients, viral levels declined rapidly within the first 5 months post-treatment initiation, then declined more slowly thereafter. This biphasic pattern, based on "real world" data, is consistent with findings from a clinical trial of long-term tenofovir therapy in HBV patients with baseline high viral levels.
24 FIB4 also demonstrated a biphasic decay pattern; notably, this observed reduction in FIB4 lagged behind the decline in viral load and did not stabilize until more than 2 years after treatment initiation. To our knowledge, this is the first model to illustrate the temporal relationship between fibrosis regression and viral suppression.
Our findings support the role of using serum markers of liver pathology in the management of chronic HBV infection. 25 Consistent results from our sensitivity analyses using APRI trajectories further validated these findings (Appendix Table S1 and Fig.  S1 ); in fact, we observed a monthly increase of 1.2% using APRI (higher than the 0.9% increase in FIB4) in untreated patients, at 2 yearsˈ after initial assessment. This finding confirms that the observed increase in FIB4 is not merely the result of the inclusion of age in the formula for calculating the FIB4 index.
Our study has several limitations. Despite considerable progress in the development of noninvasive methods to assess liver fibrosis, none is yet widely accepted as a substitute for liver biopsy. However, we have previously shown that FIB4 and APRI can reliably predict advanced fibrosis and cirrhosis in HBV patients (AUROC = 0.71 for advanced fibrosis, AUROC = 0.88 for cirrhosis). 8 To confirm the reliability of this method in this sample, we performed a subgroup analysis using 45 patients who underwent a liver biopsy after initiation of treatment; FIB4 reliably predicted biopsy results in these patients (AUROC = 0.84 for advanced fibrosis; AUROC = 0.86 for cirrhosis; Appendix Table S2 and Fig. S3 ). Although these results may appear to conflict with a study reporting low correlation between serum markers of liver fibrosis and results of liver biopsy, 26 that study categorized FIB4 and APRI based on binary cutoffs at a single time point during treatment, whereas our growth curve analysis uses a more sophisticated modeling approach to estimate longitudinal trends in quantitative values.
Because we used propensity scores to balance the two groups, we cannot ascertain whether patients with low levels of viremia (below the recommended cutoff for treatment) demonstrated significantly different trajectories of FIB4 over time compared with those patients for whom treatment was indicated but not received. However, even with the inclusion of these low-viremic patients in our analysis, we still observed a significant increase in FIB4 across time. In addition, our model adjusted for patientsˈ viral load level and fibrosis score at index date; this ensures that patientsˈ initial immune status did not impact the rates of change in viral load and FIB4 over time.
Because of our "real world" longitudinal study design, our data span multiple improvements in laboratory assays, with the ability to detect increasingly lower levels of virus. This truncation may have introduced a slight overestimation of viral load levels under the detection limit; as a result, our viral load trajectories may be conservative. Nevertheless, we observed a robust and significant drop in viral load in treated patients, while significant increasing markers of fibrosis over time if patients were untreated even those with viral loads persistently below 2000 IU/mL. Our analytic approach-joint modeling of two markers (FIB4 and viral load)-provides better data fit than separate modeling because it takes into account intrinsic correlation between the markers. [15] [16] [17] The robust estimations we observed with this approach suggest its utility as a novel application to the field.
Our analysis illustrates the temporal relationship between viral load and changes in biomarkers for fibrosis in a "real world" cohort that includes a significant proportion of untreated patients. In our treated patient sample, we observed that antiviral treatment results in a rapid decline in viral DNA load, findings that are consistent with results from clinical trials. Our data illustrate the timing of the decline in FIB4 that follows, suggesting a delayed but significant regression of liver fibrosis. In untreated patients, it has long been recognized that the fluctuating nature of chronic HBV infection necessitates careful surveillance 27 ; however, a recent study found that such surveillance is often inadequate. 28, 29 This may be cause for concern, as we observe that FIB4 increases in our untreated patient sample, suggesting fibrosis progressioneven among the subset of patients who were not candidates for therapy based on current guidelines. Because of the observational nature of our study, prospective studies are needed to further characterize which patients are at highest risk for fibrosis progression.
